Abstract: Amplified spontaneous emission from planar waveguides and quasi-waveguides based on Pyrromethene 567-doped poly(methyl methacrylate) thin films deposited onto quartz and glass substrates is investigated. Films with different thickness were prepared and pumped optically at 532 nm with pulses of up to 8 MW/cm 2 . Pump thresholds for the onset of ASE emission, optical gains and losses were assessed. Net gain coefficients were estimated by fitting the data provided by variable stripe length measurements with a theoretical expression which takes into account saturation. In this way, net gain coefficients of up to 56 ± 9 cm -1 at a pump intensity of 5.3 MW/cm 2 for quasi-waveguides and up to 20.6 ± 2.7 cm -1 at a pump intensity of 3.4 MW/cm 2 for waveguides, were obtained. Loss coefficients in the waveguides were estimated to be 3.8 ± 0.4 cm -1 and 6.1 ± 1.3 cm -1 for 15 μm and 5 μm thick films, respectively. The results obtained seem to indicate a stronger self-mode-restriction capability in the quasiwaveguides than in conventional total internal-reflection waveguides. 
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Introduction
The development of tunable solid-state dye lasers, in which an organic dye is incorporated into a suitable solid matrix, is an area of active research [1, 2] . While retaining the versatility of liquid dye lasers, these solid-state systems present a low-cost gain medium and are compact and easy to operate and maintain. On the other hand, active and passive waveguides are key components in a variety of photonic applications. Thus, the development of dye-doped thin films or waveguides, making use of the processing flexibility of these materials and combining the tunability and high efficiency of laser dyes with the high power density that can be easily achieved in waveguide structures, makes devices based on dye-doped waveguides very attractive and promising for optoelectronic applications.
Over the last years, amplified spontaneous emission (ASE) and lasing action have been achieved from organic , inorganic [31] [32] [33] [34] [35] [36] , and organic-inorganic [33,37-39] hybrid thin films and planar waveguides. A large amount of these studies have been carried out with dyes of the rhodamine family, mainly with the well known Rhodamine 6G (Rh6G) dye, and their properties as gain medium in thin films and waveguides have been thoroughly assessed [8] [9] [10] [11] [12] [14] [15] [16] [31] [32] [33] [34] [35] . Over the last decade, laser dyes of the pyrromethene family (4,4-difluor3a,4a-diaza-4-boro-s-indacene dyes, also known as dipyrromethene.BF 2 (PM) dyes), with emission covering a spectral range wider than that of rhodamines, have become standard laser dyes for emission in the green-yellow to red regions of the spectrum because of their high efficiency and photostability in both liquid and solid gain media [1, 40] . In spite of this, no reports on the optical gain properties of PM dyes in waveguides have appeared, apart from a few studies dealing with the importance of dye host on absorption, losses and ASE emission of Pyrromethene 597-doped polymer thin films [28] , or with some characteristics of the laser output from Pyrromethene 567-doped plastic waveguides with distributed feedback structures [11] .
In this paper, we present a systematic study on the properties of the ASE emission from thin films of poly(methyl methacrylate) (PMMA) doped with dye Pyrromethene 567 (PM567). Pump thresholds for the onset of ASE emission, gain coefficients and losses are determined for thin films of different thicknesses deposited onto quartz and glass substrates. For proper waveguiding operation the refractive index of the dye-doped polymer film has to be higher than that of the substrate. This condition is fulfilled when the PMMA-based films are deposited onto quartz slabs. When the substrate was glass, the refractive index of the dye-doped polymer film was lower than that of the substrate, and a leaky waveguide or quasiwaveguide was obtained, where light is no longer fully confined: no total internal reflection takes place at the polymer film -glass substrate interface and light leaks into the substrate [41] [42] [43] [44] [45] [46] . It has been pointed out that this feature could be a useful output coupling mechanism in an active-waveguide laser device [44] [45] [46] , and a technique for measuring refractive indices and thicknesses of thin films based on leaky waveguides has been reported [42] . Our results seem to indicate a stronger self-mode-restriction capability in the quasi-waveguides as compared to the conventional total internal reflection waveguides.
Experimental
Planar waveguides consisting of dye-doped polymer films deposited onto quartz and glass substrates (0.88 mm and 0.98 mm thick, respectively) were produced by two different procedures: spin coating and extender roller. PMMA of 25,000 molecular weight (Polysciences, Inc.) in proportion 200 mg/mL was added to a solution of Toluene (Merck) containing PM567 (laser grade, from Exciton) at a concentration (with respect to polymer) of 5 ×10
-2 M. Although the dye concentration was rather high, photophysical studies did not show any evidence of aggregation of the dye molecules. Films with thickness around 5 μm and 17 μm were produced depending on the technique used. The thicker films were obtained by using the extender roller technique [47] . In this case, a few drops of the solution were placed on a standard glass microscope slide or quartz slide and extended along the slide with a calibrated rod (endless screw with calibrated thread). After solvent evaporation at room temperature, polymeric films of 17± 2 μm of thickness were obtained. Films with thickness of 5.5 ± 0.5 μm were obtained by spin coating (2000 rpm, 10s + 4000 rpm, 1s + 6000 rpm, 1s). In all cases, the thickness of the films was determined by using a gravimetric method (accuracy of balance, 10 -4 g), taking into account the density of the polymeric film (1.19 g/mL).
The resulting quartz/glass − doped polymer − air structure defines an asymmetric slab optical waveguide. In the quartz-doped polymer-air structure, the measured refractive index of the dye-doped polymer layer (n 1 = 1.4900) is higher than the measured index of the quartz substrate (n 2 = 1.4583). Thus, total internal reflection at the film-quartz interface confines and guides the light along the film, and emission from the edge of the film is obtained. When the substrate is glass (measured index, n 2 = 1.5176), with higher refractive index than the doped polymer film, no total internal reflection takes place at the film-substrate interface and emitted light leaks into the substrate. A leaky waveguide or quasi-waveguide is obtained, where light is confined by the film-air interface while the reflection at the film-substrate boundary is leaky. The waveguides were optically pumped at 532 nm with 6 ns full width at half maximum (FWHM) pulses from a frequency-doubled Q-switched Ng:YAG laser (Monocrom OPL-10). The laser was typically operated at 1 Hz repetition rate, and the pulse energy was controlled by insertion of calibrated neutral density filters into the beam path. Pump energy was measured with a calibrated pyroelectric energy meter (ED200, GenTec). A schematic of the experimental setup is shown in Fig. 1 . A combination of one spherical (f = 50 cm) and two cylindrical quartz lenses (f = −15 cm and +15 cm, respectively) perpendicularly arranged focused the pump beam to a narrow horizontal line onto the surface of the film. An adjustable slit was used to select only the central portion of the pump beam. The incident light was perpendicular to the substrate surface, and the excitation stripe on the sample was ∼150 μm × 3 mm, with one end placed right up to the edge of the film. The edge emission from the sample was collected with a 5-cm focal length spherical lens, focused onto a fibre bundle and detected with a spectrograph/monochromator (SpectraPro-300i, Acton Research) equipped with a thermoelectrically cooled CCD detector (SpectruMM:GS 128B). A shortwave cutoff filter (OptoSigma, cutoff at 540 nm), placed before the fibre bundle avoids any scattered 532 nm light entering the spectrograph. At excitation intensities above a certain threshold value, the spontaneously emitted photons are amplified by stimulated emission as they travel along the stripe-shaped gain region and amplified spontaneous emission (ASE) occurs.
The net gain of the doped polymer film was measured by using the variable stripe length (VSL) method [48] , which consists basically in pumping optically the sample with a stripe of variable length and measuring the intensity of the edge-emitted ASE as a function of stripe length. The stripe length was controlled by varying the width of the adjustable slit by means of a micrometer.
In an unsaturated amplifier having a length much greater than the diameter, the growth of intensity is governed by [49] :
where g' is the gain coefficient and α is the loss coefficient. The second term on the right side of (1) represents distributed losses, and the third term is the spontaneous emission, which has the same frequency dependence g'(λ) as the gain coefficient. The coefficient η is then proportional to the spontaneous emission rate and to a geometrical factor that depends on the amplifier dimensions. In the recent literature on waveguides, spontaneous emission proportional to pump intensity is usually described by a term A(λ)P 0 [3], and Eq. (1) is written with the substitution ηg'(λ) = A(λ)P 0 .
Integration of Eq. (1) with no input intensity (I(λ,0) = 0) leads to:
where g(λ) is the net gain coefficient, g(λ) = g'(λ)−α, and l is the length of the pumped stripe. Eq. (2) represents the output intensity from one end of the stripe in the small-signal regime. Thus, in the absence of saturation, g can be determined by plotting the intensity of the ASE emission as a function of the pumped stripe length and fitting the resulting curve to the expected dependence given by Eq. (2).
If the ASE intensity reaches the saturation level, Eq. (1) is no longer appropriate. This Eq. implies that the excited state population is always the same regardless of the ASE intensity. In order to take saturation effects into account, a term has to be included which accounts for the depletion of the excitation density. Consequently, Eq.(1) has to be replaced by [49] : The waveguide losses were characterized by measuring the optical loss coefficient by performing experiments where the stripe was gradually translated away from the edge of the sample while keeping the pumped stripe length constant (l = 3mm). Assuming that the ASE emission from the end of the excitation stripe I 0 is constant, the emission from the edge of the sample should decrease as the stripe is displaced as a result of waveguide losses (absorption and scattering) following the Beer-Lambert law:
where x is the length of the unpumped region between the end of the pump stripe and the edge of the sample. The loss measurements were performed by mounting the sample on a micrometric stage. All the measurements were carried out at least three times at each pump intensity and an average value obtained. When quoted, the error is the standard deviation from the mean.
Results and discussion

Wave-guided ASE emission
PM567 doped PMMA films deposited onto quartz substrates with the composition and thickness indicated in Table 1 (samples 1 and 2) were first prepared and studied. Figure 2 shows the dependence of the full width at half maximum (open squares) and the intensity (filled squares) of the light emitted from the edge of the film with the pump intensity for sample 1. Pump intensity was varied from 0.21 MW/cm 2 up to 7.9 MW/cm 2 . It can be estimated that at the lowest pump intensity 17% of the ground state population is excited whereas at the highest pump intensity the excited population was 88%. Fig. 3 shows the actual evolution of the emission spectra collected at various pump intensities for sample 2. Spectral narrowing of the spectra and a distinct change in the slope of the output emission intensity are observed with increasing pump intensity. The collapse of the FWHM in the emission spectrum and the change in the slope in the emission intensity are a signature of the onset of amplified spontaneous emission (ASE) above a certain pump threshold. Below threshold, the emission spectrum consists of a broad band characteristic of spontaneous emission which collapses to a FWHM of about 12 nm at pump intensities above threshold. The edge-emitted ASE showed a divergence of ∼ 30 mrad in sample 1, and of ∼ 13 mrad in sample 2. From the data in Fig. 2 , a pump threshold for ASE emission of about 50 μJ (corresponding to a pump intensity of about 1.85 MW/cm 2 ) can be estimated for sample 1. Up to this pump energy, the emission intensity increases slowly with pump intensity. Above threshold, the emission intensity increases sharply with pump intensity, and the FWHM of the emission levels off to values typical of ASE. Figure 4 shows the output intensity at the peak of the emission spectrum as a function of pump stripe length for sample 1. Each point is an average of three measurements. The dashed line in Fig. 4 is a fit of the data to Eq. (2), which yields a net gain of 18.5 ± 4.1 cm -1 at a pump intensity of 3.4 MW/cm 2 . In Fig. 5 , the output intensity of the ASE emission from sample 1 is plotted as a function of the distance of a 3 mm-length pump stripe to the edge of the sample, at a pump intensity of 3.4 MW/cm 2 . Fitting the experimental data to Eq. (4) yields a loss coefficient of α = 3.8 ± 0.4 cm -1
. The first two points in the plot, corresponding to distances to the edge of the sample shorter than half millimetre, do not fit in the exponential behaviour predicted by Eq. (4). Probably, some irregularity in the film near the edge precludes an effective pumping of this region. Fig. 4 . Dependence of the emission intensity on excitation length for sample 1 at pump intensity of 3.4 MW/cm 2 . The dashed line is a fit to the data using Eq.(2). The solid line is a fit to the data using Eq.(6).
The results obtained with sample 2 exhibit more scattering than those obtained with sample 1 (see inset in Fig. 3) , probably due to the smaller thickness of sample 2. At a PM567 concentration 5×10
-2 M, a sample 15 μm thick absorbs about 82% of the incoming pump radiation at 532 nm, whereas a sample 5 μm thick only absorbs 44% of the pump radiation, being thus more sensitive to pump conditions and fluctuations. Threshold for ASE emission is at a pump intensity of about 1.3 MW/cm 2 . By fitting Eq. (2) to the experimental data of output intensity as a function of pump stripe length (Fig. 6, dashed line) , a net gain of 15.7 ± 4.6 cm -1 is estimated at 3.4 MW/cm 2 pump intensity. Fig. 7 shows the variation of the output intensity when the pump stripe was gradually translated away from the edge of the sample when the pump intensity was 3.4 MW/cm 2 . The solid line is a fitting of the data to Eq. (4), yielding a loss coefficient of 6.1 ± 1.3 cm -1 . Fig. 5 . Intensity of the light emitted from the edge of the waveguide as a function of the distance between the pump stripe and the edge of the sample for sample 1 at 3.4 MW/cm 2 pump intensity. The solid line is a fit to the data using Eq.(4). Fig. 6 . Dependence of the emission intensity on excitation length for sample 2 at pump intensity of 3.4 MW/cm 2 . The dashed line is a fit to the data using Eq.(2). The solid line is a fit to the data using Eq.(6).
Leaky-mode emission
Next, ASE emission from quasi-waveguides, where the gain medium was deposited onto a substrate with higher value of the refractive index, was studied. At the doped-polymer − air interface, light propagating at angles greater than the critical angle θ c = 42 º will be totally reflected, while at the doped-polymer − glass interface no total reflection takes place at any angle, and light leaks into the substrate. Nevertheless, even in this case, where the refractive index of the film is smaller than the substrate refractive index, the large reflectivity occurring at grazing incidence leads to significant confinement of the light [42] . The different transverse modes propagating within the gain layer have different reflectivity losses due to the Fresnel law. The fundamental mode is the one with lower losses and, thus, light is amplified preferably in this mode, which means that in a quasi-waveguide there is much stronger selfmode-restriction capability than in a conventional total internal-reflection waveguide. However, when the thickness of the gain layer is large compared with the wavelength of the light, several low-loss leaky modes may exist [41] . Divergence of the edge-emitted ASE was ∼ 100 mrad for both samples 3 and 4. The fact that the ASE divergence is the same in both samples, independently of their thickness, whereas in the waveguides (samples 1 and 2) the divergence of the light emitted by the thinner waveguide is lower than that of the light emitted by the thicker one is a confirmation of the quasi-waveguiding character of the light emitted when the films were deposited onto glass substrate, as it has been shown that in the emission from conventional waveguides there is a strong dependence of the properties of the emitted light on the thickness of the film [50] . Figures 8 and 9 show the dependence of the FWHM of the emission spectra and intensity of the output emission on pump intensity for samples 3 and 4, respectively. Threshold pump intensities for the onset of ASE emission are clearly discernable in those plots and are found to be about 2.0 MW/cm 2 and 1.0 MW/cm 2 , respectively. In this case reducing the film thickness results in a significant decrease in ASE threshold, whereas in the waveguides over quartz substrate this decrease is not so important. In Fig. 10 and 11 , the emitted light intensity for samples 3 and 4 is plotted as a function of excitation length for different pump intensities. In the derivation of Eq. (2) gain saturation was not considered; thus, when using this Eq. to estimate the net gain coefficients only those subsets of data for which gain saturation is not evident should be used in the fitting procedure. The dashed lines in Fig. 10 and 11 are the fitting of the data using Eq. (2), leading to the net gain values collected in Table 2 . Gain saturation, which is clearly evident in some of the plots in those Fig., occurs because the light travelling in the sample is so strongly amplified that it depleted a substantial fraction of the excitation. As gain saturation sets in, the gain coefficient is reduced and light is no exponentially amplified further as the length of the pumped stripe is increased. Sample degradation can be ruled out as the cause of saturation seen in Fig. 10 and 11 because each point was obtained by pumping a fresh region. From close inspection of both Fig., it can be appreciated that gain saturation onsets at gl ≈ 4. This is not surprising since spontaneous emission that is amplified by a factor exp(4) is most likely intense enough to significantly depopulate the excitation density, as has been pointed out by McGehee et al. [48] . Fig. 10 . Dependence of the emission intensity on excitation length at various pump intensities for sample 3. The dashed lines are fits to the data using Eq.(2). The solid lines are fits to the data using Eq. (6).
As saturation effects are important except at the lower pump energies in these plots, using Eq. (2), even restricted to the subsets of data apparently free of saturation effects, could lead to appreciable errors in the calculated gain coefficients. Thus, to obtain a better estimation of the gain coefficients Eq.(3), which includes saturation effects, should be used as starting point.
In our experimental conditions, and supposing loss coefficients of the order of those obtained in the waveguide studies reported in the previous section, the product αsI is small compared to the gain coefficient g(λ). Thus, we can replace Eq. (3) with the approximate expression:
which, integrated between 0 and I t (λ) (total intensity) and between 0 and l, leads to:
which can be used to fit the data in Fig. 10 and 11 . Thus, g can be determined by plotting the pumped stripe length as a function of the intensity of the ASE emission and fitting the resulting curve to the expected dependence given by Eq. (6). As this Eq. depends on three parameters, the fit is very sensitive to the initialization values. In order to get a univocal fitting, it is convenient to use the value of η g' calculated with Eq. (2) as a fixed parameter, since it should not be affected by saturation. Fig. 11 . Dependence of the emission intensity on excitation length at various pump intensities for sample 4. The dashed lines are fits to the data using Eq.(2). The solid lines are fits to the data using Eq. (6). The solid lines in Fig. 10 and 11 are the fitting of the data using Eq. (6).Using the same Eq. with the data of the waveguides, the solid lines in Fig. 4 and 6 are obtained. In Table 2 are collected the net gain coefficients g at different pump intensities I p for both waveguides and quasi-waveguides, obtained by using both Eq. (2) and (6). The numbers in italics are the net gain coefficients estimated by using the more complete Eq. (6). It is seen that when saturation effects results are taken into account the net gain coefficients obtained are higher than those estimated using the small-gain expression. As expected, the differences in the values between the two sets of net gain coefficients are more important at high pump intensities, where saturation sets in earlier.
To put our results in perspective is useful to compare the net gain values obtained in this study with previous gain measurements performed on dye doped polymer films. Some authors use fluence (mJ/cm 2 ) instead of intensity (W/cm 2 ) to characterize the incident pump radiation. In our case, the intensities in Table 2 correspond to fluences in the range 3.7 mJ/cm 2 (intensity of 0.63 MW/cm 2 ) to 32 mJ/cm 2 (intensity of 5.3 MW/cm 2 ). With pumping at 532 nm, gains of up to 40 cm -1 were obtained with optical waveguides based on polystyrene films doped with dye 4-(di-cyanomethylene)-2-t-butyl-6(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) and pumped with pulses of 0.13 mJ (Lu et al. [29] ); the net gain increased to 52.71 cm -1 when a mixture of dyes DCJTB and 10-(2-benzothiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5H, [26] found a maximum gain coefficient of 5.6 cm -1 with photochromic molecule indolinospiropyran (1',3'-dihydro-1',3',3'-trimethyl-6-nitrospiro [2H-1-benzopyran-2,2'-(2H)-indole]) (6-nitro-BIPS) doped in polymer matrix at a pump fluence of 0.5 mJ/cm 2 . From the above comparison it is seen that the values of the net gains measured in this work compare well or are higher than those obtained in similar systems reported in the bibliography.
It is seen in Table 2 that whereas in the waveguides decreasing the film thickness results in a small variation in the gain, in the quasi-waveguides the net gain coefficient increases significantly when the thickness of the film is reduced from 19 to 6 μm. This could be understood in terms of the stronger self-mode-restriction capability in the quasi-waveguides. In the thicker quasi-waveguide (sample 3), more guided modes are allowed to propagate than in the thinner films. The higher-order modes have greater losses than the fundamental and lower-order ones, because light emitted in those modes leaks preferentially to the substrate and is no longer amplified. In the thinner quasi-waveguide (sample 4), a lower number of modes are allowed and more pump energy appears as amplified light in the fundamental and low-loss lower-order leaky modes, which results in increased gain. In the waveguides (samples 1 and 2) , the modes are not leaky, there are no losses to the substrate, and in both thick and thin films the light in all the allowed modes is amplified so that the gain is close in both cases. The same effect could explain the much higher decrease in the threshold for ASE emission observed in the quasi-waveguides as compared with the waveguides.
Summary and conclusions
We have studied the amplified spontaneous emission and gain characteristics of planar waveguides and quasi-waveguides consisting of PM567-doped PMMA films deposited onto quartz or glass substrates, respectively. Two different methods of preparation were tried: spincoating and extender roller, leading to films with thicknesses of about 5 μm and 17 μm, respectively.
By following the evolution of the spectral FWHM and the intensity of the light emitted from the edge of the film with increasing the pump intensity, the threshold for ASE emission, characterized by the collapse of the FWHM in the emission spectrum and the change in the slope of the emission intensity, was determined and found to be lower in the thinner films. Threshold values were about 1.0 MW/cm 2 for the thinner films and about 2.0 MW/cm 2 for the thicker ones.
The study of the dependence of the intensity of the ASE emission with the length of the pump stripe at different pump intensities allowed estimating net gain coefficients by fitting the experimental points with appropriate theoretical expressions. The usual approach of considering a one-dimensional amplifier in the small-signal regime leads to an expression widely used to estimate optical gain in thin films, but that is only appropriate when saturation effects are not present. We show that a modification of the small-signal expression incorporating saturation effects allows obtaining an analytic solution in the intermediate saturation regime which leads to a better fitting of our experimental results. In this way, we estimated net gain coefficients of up to 56 ± 9 cm -1 at a pump intensity of 5.3 MW/cm 2 for quasi-waveguides and up to 20.6 ± 2.7 cm -1 at a pump intensity of 3.4 MW/cm 2 for waveguides. Loss coefficients in the waveguides were estimated to be 3.8 ± 0.4 cm -1 and 6.1 ± 1.3 cm -1 for the thicker and the thinner films, respectively. The results obtained seem to indicate a stronger self-mode-restriction capability in the quasi-waveguides that in the waveguides based in the increased losses in the higher-order leaky modes in the quasi-waveguides, where the large reflectivity occurring at grazing incidence leads to significant confinement of the light in the lower-order modes.
